A 4 x 5 Youden square design was used to determine the effects of form of oil and roasting temperature of soybeans on site and extent of OM, fiber, energy, lipid, and fatty acid digestion and the degree of ruminal biohydrogenation of C18 unsaturated fatty acids. Four steers ( 3 7 3 kg f 30.7) with ruminal, duodenal, and ileal cannulas were fed each of five diets during five periods. Diets contained (percentage of DM) corn silage (50961, alfalfa hay (24%), and a corn-urea concentrate ( 6 %), Cornstarch grits ( 4 % ) and whole full-fat soybeans (16%' of diet DM), raw or roasted t o an exit temperature of 141", 149", or 157°C in a commercial roaster, constituted the remainder of the RAW, 141, 149, and 157 treatments. Soybean oil equivalent to the quantity in the whole soybeans (3.4% of diet DM) and corn starch grits (16.6% of diet DM) constituted the basal treatment. Diets provided 6.0% ether extract ( E E ) and 4.6 Mcal of GEkg of DM. Flows of nutrients were determined by reference to Cr203 as an external marker. Ruminal pH, molar proportions of acetate and butyrate, and total ruminal VFA ( m m were not affected by treatment. Ruminal digestibilities of OM, GE, EE, NDF, and ADF were not different among treatments (average 49.5, 41.7, -3.6, 47.4, and 50.1%, respectively). Small intestinal disappearances of OM, GE, and EE were not different among treatments (average 18.4, 24.8, and 61.6% of intake, respectively). Overall, C18:0, C18:1, C18:2, and C18:3 acids averaged 4.4, 25.3, 60.6, and 8.5% of total C18 fatty acids in the diet, respectively; digesta at the duodenum contained 79.0, 16.5, 4.4, and .2%, respectively. The unsaturated C18 fatty acids of soybean oil from whole soybeans, regardless of roasting temperature, were hydrogenated t o a similar degree as free soybean oil in the basal diet (average 78.0%). Small intestinal digestibility of total fatty acids was greater ( P = . 0 4 ) for roasted than for raw soybeans (70.9 vs 60.4%).
Introduction
Whole soybeans have been fed t o ruminants primarily as a source of protein. In addition to the protein component, soybeans have a relatively high energy density due t o a high oil content (approximately reduce the formation of trans C18:l in the rumen (Knapp et al., 1991; Scott et al., 1991) . Few data are available regarding the effect of roasting temperature of whole soybeans on the site of lipid digestion in the ruminant. Therefore, it was our objective to determine the effect of roasting whole soybeans at various temperatures on digestibilities of OM, fiber, energy, lipid, and fatty acids and the degree of hydrogenation of unsaturated fatty acids in the rumen.
Materials and Methods
Animals. Four Angus x Simmental crossbred steers (average BW 373 kg k 30.7) cannulated in the rumen, proximal duodenum, and terminal ileum were fed whole soybean-supplemented diets in a 4 x 5 Youden square (incomplete Latin square) design (Cochran and Cox, 1957) . Steers were prepared surgically under general anesthesia by a clinical veterinarian at the University of Illinois College of Veterinary Medicine Large Animal Clinic. The surgical procedures and justification were approved by the Laboratory Animal Care Advisory Committee at the University of Illinois. The steers were monitored for a minimum of 2 wk of recovery during which analgesics were administered as deemed necessary to reduce the steers' discomfort.
Each of the four steers received each of the five dietary treatments over five periods.
Diets. Diets (Table 1) consisted of corn silage (50% of diet DM) and alfalfa hay (24% of diet DM) as forage sources. Hay was chopped through a 2.54-cm screen before it was fed. A corn-urea premix was included at 6% of diet DM. Urea was added t o try to ensure that ruminal ammonia ( N H 3 N ) availability did not limit microbial growth, especially for the basal diet. Soybean-containing diets had 16% of diet DM as raw soybeans or soybeans heated t o 141, 149, or 157°C exit temperature in a commercial roaster (Gem roaster, Vita Plus Corp., Madison, WI). Soybeans were roasted in single batch runs for each treatment and allowed t o steep for 30 min before being allowed to cool to ambient temperature.
The basal diet contained no soybeans. Instead, soybean oil was included in an amount that was calculated to be equivalent to the quantity of oil (3.4% of diet DM) provided by whole soybeans in the soybean-containing diets.
Steers were tethered by neck chains in individual stanchions in a temperature-controlled ( 2 2 "C ) room under continuous lighting. Each steer was fed 6.7 kg of DWd (1.8% of initial BW). Feed was mixed daily and divided into 12 equal portions and fed every 2 h by an automatic feeder. Chromic oxide (15 g.d-l.steer-l) was incorporated into the diet to provide a non-absorbable marker for measuring digesta flow and fecal output.
Sample Collection and Analyses.
Steers were adjusted t o each diet for 9 d. Following adjustment, duodenal and ileal samples (300 mL) were collected 24 times over a 4-d period. Six sampling times were evenly spaced within each day, with sampling times shifted ahead 1 h each day, so that samples were collected at 24 equally spaced intervals over a 24-h day. Fecal grab samples were collected 12 times over the same period, coincident with every second intestinal sample collection. Duodenal and ileal samples were composited on an equal volume basis for each steer within each period and frozen for later processing. Intestinal digesta were later thawed, subsampled, lyophilized, and ground through a Wiley mill ( l -m m screen). Fecal samples were composited for each steer within each period and were frozen before being oven-dried at 55°C and ground (l-mm screen). Feed samples (individual ingredients) and complete mixed diets were collected during the final 5 d of each period. Silage and alfalfa samples were dried at 55°C and all feed samples were ground through a Wiley mill (l-mm screen). Representative samples of whole ruminal contents were obtained four times during the collection period (Firkins et al., 1986a) . Subsamples of ruminal fluid (50 mL) were obtained from whole ruminal contents by straining through eight layers of cheesecloth. Ruminal fluid pH was measured immediately and samples were acidified with 5 mL of 6 N HC1 and stored frozen. Acidified ruminal fluid was later thawed, centrifuged at 25,000 x g for 20 min, and VFA concentrations in the supernatant were analyzed according to Merchen et al. ( 1986) . A bacteria-rich fraction was isolated from whole ruminal contents as described by Firkins et al. (1986b) .
Feed, duodenal, ileal, fecal, and bacterial samples were analyzed for DM and OM (AOAC, 1984) and GE (1261 Isoperibol Calorimeter, Parr Instrument, Moline, IL). Acid detergent fiber was determined on feed ingredients and digesta samples by the procedures of Goering and Van Soest ( 1970) . Neutral detergent fiber was determined on feed ingredients and digesta samples using the termamyl procedure of Jeraci et al. (1988) . Lipids in soybean samples were removed by ch1oroform:methanol extraction before NDF and ADF determination to facilitate complete recovery of only fiber fractions. Feed, duodenal, ileal, and fecal samples were analyzed for ether extract (EE; AACC, 1983) and long-chain fatty acids (Sukhija and Palmquist, 1988) . Chromium content of duodenal, ileal, and fecal samples was determined by the technique of Williams et al. (1962) .
Calculations and Statistics.
Nutrient flows at the duodenum and ileum and fecal output were calculated by reference to Cr2O3. The four observations for ruminal pH and VFA data were averaged by animal within period for statistical analyses. Statistical analyses were performed using the GLM procedures of SAS ( 1988) . Least squares means are reported. Model sums of squares were separated into animal, period, and treatment effects. Treatment comparisons were conducted by orthogonal contrasts: 1 ) basal diet vs soybean containing diets, 2 ) raw vs roasted soybean diets, 3 ) the linear effect of roasting temperature, and 4) the quadratic effect of roasting temperature.
Results and Discussion
Dietary nutrient profiles are listed in Table 1 . Due to the similarity among dietary ingredients and their quantity, diets were isocaloric (4.6 McaVkg of DM) and contained a similar amount of lipid (6.0% EE).
Ruminal pH (average 6.64; molar proportion of propionate demonstrated a quadratic effect of roasting temperature ( P = .05); the proportion of propionate was greater for soybeans roasted at 149" than for those roasted at either 141 or 157°C (16.1 vs 14.6 and 15.5 moVlOO mol, respectively). The molar proportion of butyrate was lower ( P = .02) for steers fed diets containing roasted soybeans than for steers fed the diet containing raw soybeans (average 13.7 vs 14.5 moV100 mol). In addition, there was a linear decrease ( P = .04 j in the molar proportion of butyrate as soybean roasting temperature increased. Steers fed soybean-containing diets had greater molar proportions of isobutyrate, valerate, and isovalerate (average 1.08, 1.09, and 1.55 moVlOO mol, respectively) than steers fed the basal diet ( . g , .9, and 1.4, respectively). This shift in the branchedchain W A proportions reflects the addition of branched-chain amino acids of soybean origin not found in the basal diet. Steers fed the roasted soybeans had a lower molar proportion of isobutyrate ( P < .O 1) and isovalerate ( P = .04), which may indicate that ruminal degradation of soybean protein, or more specifically the quantity of branched-chain amino acids, decreased as a result of heat treatment. Due to the feeding regimen (every 2 h), restriction of intake, and the constant EE concentration among diets, large differences in ruminal characteristics were not expected. In contrast to our study, when intake was not restricted, the effects of feeding soybeans and soybean oil on fermentation characteristics have been quite variable. Infusion of soybean oil into the rumen (300 g/d) of heifers fed grass hay caused a shift in VFA patterns to an increase in the proportion of propionate, but no alteration in acetate or butyrate, such that the acetate:propionate ratio declined relative to the control (Krysl et al., 1991) . Inclusion of raw whole soybeans up to 22% of the diet DM (Hutjens and Schultz, 1971) or roasted whole soybeans up t o 24% of the diet DM (Knapp et al., 1991) had no effect on VFA concentrations or molar proportions of W A . Roasting soybeans increased the proportion of acetate, with no alteration of propionate, butyrate, or acetate:propionate ratio, relative to a raw whole soybean diet; however, particle size of the roasted soybeans had no effect (Tice et al., 1993) .
Dry matter intake was restricted to 1.8% of BW so that OM intake was expected to be similar among treatments (average 6,400 g/d; Table 3 ). However, OM intake was lower ( P < .O 1) for soybean-containing diets than for the basal diet (average 6,392 vs 6,433 g/ d, respectively) and was greater ( P < .O 1) for roasted soybean diets than for the raw soybean diet (average 6,400 vs 6,369 g/d, respectively). These small differences were due solely to small differences in DM or OM concentrations among diets. Organic matter digestibilities in the rumen, small intestine, and total tract were not affected by treatment (average 49.5, 18.4, and 72.2% of intake, respectively). Although all diets had similar GE contents (average 4.6 Mcal/kg of DM), GE intake was greater ( P < .01) for the soybean-containing diets than for the basal diet (31.4 vs 31.0 McaVd, respectively; Table 4 ). Duodenal flows of energy were not different among treatments (average 18.2 Mcal/d), and apparent ruminal energy digestibility was not different among treatments (average 41.7% of GE intake). Ileal and fecal flows of energy were not different among treatments (average 11.0 and 9.4 McaVd, respectively). Small and large intestinal digestibilities of energy were not different among treatments (average 23.0 and 5.2% of intake, respectively). Total tract disappearance (megacalories/day) was greater ( P < .O 1) for the soybean-containing diets than for the basal diet (21.9 vs 21.4 McaL'd, respectively), and energy tended ( P = .07) to be more digestible for the soybeancontaining diets than for the basal diet (70.0 vs 69.2%, respectively).
Ether extract intake was greater ( P < .O 1) for steers fed the roasted soybean diets than for those fed the raw soybean diet (422.5 vs 399.8 g/d, respectively; Table 5 ) . Duodenal flows of EE were not different among treatments (average 429.7 g/d). The change in EE flow as diet passed through the rumen was slightly negative (average -3.7% of intake), such that there was a slightly greater quantity of EE reaching the small intestine than was consumed. Ileal and fecal flows of EE were not affected by treatment (average 174.0 and 118.1 g/d, respectively). Digestion of EE in the small intestine and large intestine was not affected by treatment (average 61.6 and 13.6% of intake, respectively). Total tract disappearance of EE was greater ( P = .03) for the roasted soybean diets than for the raw soybean diet (304.1 vs 275.6 g/d, respectively). However, when expressed as a proportion of the EE consumed, there were no differences in total tract digestibilities among treatments (average 71.5%).
Neutral detergent fiber intake was greater ( P < .01) when steers were fed diets supplemented with soybeans (2,705 vs 2,559 g/d; Table 6 ) and greater ( P < . O l ) when soybeans were roasted (2,716 vs 2,670 g/ dl. Duodenal and ileal NDF flows were not different among treatments (average 1,398 and 1,235 g/d, respectively). However, fecal output of NDF was lower ( P < .O 1 ) for the soybean-containing diets than for the basal diet (1,212 vs 1,280 g/d, respectively). Ruminal digestibility of NDF was not different among treatments (average 47.4% of intake). Total tract digestibility of NDF was greater ( P < .O 1) for the soybeancontaining diets than for the basal diet (average of 55.1 vs 49.9%, respectively).
Acid detergent fiber intake was greater ( P < .O 1) when steers were fed diets supplemented with soybeans (1,695 vs 1,636 gld; Table 7 ). Roasting temperature affected ADF intake both linearly ( P < .01) and quadratically ( P < . O l ) ; however, the change in intake was very small ( I 10 g/d). This represented less than a 5 % change in ADF intake due to roasting and is more reflective of small differences in nutrient composition (Table 1 ) rather than of any true effect of heat of intake, respectively). Total tract digestibility of ADF was greater ( P < .01) for the soybean-containing diets than for the basal diet (51.5 vs 47.8% respectively). Dry matter intake was restricted to 6.7 kg/d across diets; therefore, differences among treatments for intakes of OM, GE, EE, NDF, and ADF intake varied according to small differences in their dietary concentrations. In agreement with our data, other research has reported that site of OM digestion was unaffected by feeding raw whole soybeans or whole soybeans that were heated by extrusion (132 or 149°C; Stern et al., 1985) or roasting (132°C; Tice et al., 1993) . In the current study, form of oil and(or) roasting of soybeans did not alter ruminal GE, NDF, or ADF digestion. However, treatment differences in total tract GE, NDF, and ADF digestibilities indicate that whole soybeans allowed a greater intestinal digestibility of GE, NDF, and ADF than the free oil in the basal diet. The ADF and NDF percentages in feeds have been shown to increase due to heat treatment. Soybean NDF content was 11.2 vs 14,9% and soybean ADF content was 5.7 vs 5.3% for raw vs roasted soybeans, respectively (data not shown). The improvement in total tract digestibility of NDF and ADF in the soybean diets may, in part, be due to soybean NDF and ADF being more digestible than the fiber constituents of the basal diet. Similar to our results, Tice et al. (1993) reported that ruminal digestion of NDF was unaffected by raw or roasted soybeans; however, total tract NDF digestibility was increased by soybeans, but not by roasting. Neutral detergent fiber digestibility was unaffected when soybeans were included at levels as high as 24% of the dietary DM (Knapp et al., 1991) or by processing method (roasted, extruded, or ground; Scott et al., 1991) .
Fatty acid intake data are reported in Table 8 .
Inclusion of soybeans in the diets increased ( P < .O 1) the consumption of C12:0, C16:0, C18:0, C18:2, C18:3, and total fatty acids. Roasting soybeans increased ( P .02) the consumption of C16:0, C18:0, C18:1, C18:2, C18:3, and total fatty acids. The consumption of C12:O increased linearly ( P = .04) as roasting temperature increased. Differences in fatty acid intake would be indicative of their concentration in the diet. Scott et al. (1991) suggested that fatty acid recovery from roasted soybeans was lower than fatty acid recovery from raw soybeans. However, the similar treatment rankings for fatty acid intake and EE intake in the .l8
aPreplanned orthogonal contrasts were basal vs soybean diets ( B vs SB), raw vs roasted soybean diets ( R vs H ), and the linear ( L ) and quadratic ( Q ) effect of roasting temperature.
current study may serve to verify that the differences in fatty acid intake were real and not due to variation in soybean processing or laboratory procedures. Flows of C18:O and C18:l to the duodenum were lower ( P = .09 and P = .05, respectively) for the soybean-containing diets than for the basal diet (average C18:0, 231.0 vs 260.7 and average C18:1, 47.4 vs 60.2 g/d, respectively; Table 9 ). Steers fed the roasted soybean diets had a greater ( P = .03) flow of C18:l to the duodenum than steers fed the raw soybean diet (51.2 vs 35.9 g/d, respectively). There was a 10% disappearance of total fatty acids across the stomach (average 445.4 vs 401.2 g/d total fatty acids for intake and duodenal flow, respectively). This contradicts somewhat the data for EE passage; EE flow t o the duodenum was 3.6% greater than EE intake (average 414.8 vs 429.7 g/d of EE for intake and duodenal flow, respectively). However, EE includes not only fatty acids, but also plant pigments, aromatic esters, aldehydes, and ethers, and this may account for part of the discrepancy. Tice et al. (1993) reported a 5% disappearance of fatty acids across the rumen when cows were fed whole soybean diets (19.7% of dietary DM). Wu et al. (1991) listed several possible reasons for disappearance of LCFA in the rumen: 1) absorption, 2 ) degradation to shorter chains, and 3) underestimation of duodenal flow.
To compare extent of ruminal biohydrogenation of unsaturated C18 fatty acids without confounding effects of differences in intake of individual C18 fatty acids, individual C18 fatty acids consumed and reaching the duodenum were expressed as a percentage of total C18 fatty acids (Table 10 ). The dietary proportion of C18:l was lower ( P < .01) by 1.9 percentage units and C18:2 and C18:3 were greater ( P < .01) by 1.8 and 1.0 percentage units, respectively, for the soybean-containing diets than for basal diet. There was a linear increase ( P < .O 1) in the proportion of C18:2 in the diet as roasting temperature increased (from 60.74 to 61.11% for lowest to highest roasting temperature, respectively); however, this increase is negligible (.37 percentage units). The duodenal proportion of C18:2 was greater ( P = .O 1) for soybean-containing diets than for the basal diet (4.73 vs 2.94% for soybean-containing and basal diets, respectively). Because C18:2 is the predominant fatty acids in soybeans ( S O % of total fatty acids) the possibility of detecting a sparing of unsaturated fatty acids from hydrogenation in the rumen would be the greatest for this fatty acid. However, it seems that roasting did not protect a substantial proportion of the C18:2 in a heat-denatured protein capsule, as suggested by Scott et al. (1991) . For the other C18 fatty acids, no differences among treatments were detected at the duodenum (78.99, 16.48, and .l710 for C18:0, C18:1, C18:3, respectively) .
Unsaturated C18 fatty acids in whole soybeans were extensively hydrogenated as ingesta passed through the rumen. Biohydrogenation was calculated by a modified equation of Wu et al. (199 l ) , whereby biohydrogenation of total unsaturated C18 fatty acids (5%) = 100 -100 X (total duodenal digesta unsaturated C18/total C18 in duodenal digesta)/(total unsaturated C18 intakehotal C18 intake). For example, when steers were fed the raw soybean-containing diet, total unsaturated C18 flow at the duodenum (50.57 g/ d ) divided by total duodenal C18 flow (266.97 g/d) equals .1894, and the unsaturated C18 intake (325.4 g/d) divided by the total C18 intake (340.8 g/d) equals .9548. The respective results of duodenal flow divided by intake, multiplied by 100 ( 19.8 1, and subtracted from 100 yields a value of 80.2% biohydrogenation of unsaturated C18 fatty acids when steers were fed the raw soybean-containing diet. Extent of biohydrogenation of the unsaturated C18 fatty acids was not different among treatments (average 78.02%). Therefore, roasting does not seem to spare the unsaturated fatty acids from hydrogenation in the rumen. This agrees with Yu ( 19781, who reported that dry heating was effective in protecting soybean protein from ruminal degradation but failed to protect polyenoic acids from ruminal biohydrogenation. Additionally, Tice et al. (1994) reported that hydrogenation of unsaturated C18 was not affected by roasting of whole soybeans or particle size.
Small intestinal digestibility of C18:O was increased ( P = .02; 72.6 vs 60.7%, respectively) and that of C16: 0 tended to increase ( P = .09; 75.1 vs 68.7%, respectively) when soybeans were roasted relative to the raw soybeans (Table 11) . When soybeans were fed, small intestinal digestibility of C18:l was lower ( P = .06; 72.0 vs 83.4%, respectively) and that of C18: 2 was lower ( P = .03; 15.7 vs 70.8%, respectively) in relationship to the basal diet. Small intestinal total fatty acid digestibility was greater ( P = .04) for roasted than for raw soybeans (70.9 vs 60.4%, respectively). The improvement in fatty acid digestibility due to roasting has not been reported previously. Tice et al. ( 1994) reported a numerical increase in postruminal digestibility of total fatty acids when soybeans were roasted, but digestibility of individual fatty acids was not altered. It was observed that roasting soybeans increased small intestinal digestibility of soybean protein, possibly due to a reduction in trypsin inhibitor activity (Aldrich et al., 1995) . As a consequence the increased digestion of the soybean protein (protein encapsulating the lipid droplets of whole soybeans) may have increased the accessibility of the soybean lipid to digestion.
Total tract digestibility of C18 fatty acids was 5.6 percentage units greater ( P = .O 1) for roasted soybeans than for raw soybeans (average 88.0 vs 82.4%, respectively). Likewise, total tract digestibility of total fatty acids was 5.3 percentage units greater ( P < .01) for roasted than for raw soybeans (average 86.3 vs 81.0%, respectively). Schauff et al. (199213) reported that apparent total tract digestibility of total fatty acids was lower when raw soybeans were fed (10% of diet DM) relative to a control containing no soybeans. Correcting for endogenous secretions, Knapp et al. ( 199 1) reported that true total tract fatty acid digestibility was 12% lower when cows were fed diets containing whole roasted soybeans than when cows were fed a soybean-free control diet. However, Tice et al. ( 1994) reported a 10 percentage unit increase in apparent total tract digestibility of C18 fatty acids and total fatty acids when soybeans were roasted compared with raw soybeans. The majority of reports in the literature of soybeans fed to ruminants have focused on milk production and milk composition from lactating dairy cows. The general observation has been that feeding raw whole soybeans at less than 20% of the dietary DM does not have a profound impact on milk production or gross composition of milk. However, in most cases, the fatty acid profile of milk is shifted. This has been evidenced by a reduction in the proportion of C 16:O and increases in the proportions of C18:0, C18:1, and C18:2 in milk fat when soybeans were included in the diet (8.0 to 21.8% of dietary DM; Perry and MacLeod, 1968; Table 11 . Apparent digestibility of long-chain fatty acids in the small intestine (% of flow at the duodenum) and total tract by steers fed diets containing raw or roasted whole soybeans Hutjens and Schultz, 1971; Schauff et al., 1992a,b) . Soybeans extruded at 160°C (10% dietary DM) did not alter milk production, composition, or fatty acid profile relative to raw soybeans (Mielke and Schingoethe, 1981) . Roasting soybeans to 143°C increased milk production slightly, but milk fat and protein were unaffected (Tice et al., 1993) ; however, the fatty acid profile in milk shifted slightly, with C16:O decreased and C18:2 increased (Tice et al., 1994) . In general, little advantage of feeding roasted over raw soybeans has been demonstrated in altering the fatty acid profile of milk. The shift in fatty acid profile of milk when soybeans are fed may be more indicative of additional C18 fatty acids, (primarily stearic acid from ruminal hydrogenation of unsaturated C18 fatty acids) reaching the mammary gland and the subsequent desaturation by the mammary gland to maintain milk consistency and fluidity (Palmquist and Jenkins, 1980; Grummer, 1991) . Therefore, changes in milk fatty acid composition associated with feeding soybeans may not be a result of a shift in the site of digestion of soybean fatty acids, especially unsaturated fatty acids, but rather may be due to an overall increase in absorption of C18 fatty acids.
Implications
When steers were fed diets containing soybeans, digestibilities of gross energy, fatty acids, neutral detergent fiber, and acid detergent fiber were greater than when steers were fed a basal diet containing an equivalent amount of lipid from free soybean oil. Roasting soybeans did not spare the unsaturated longchain fatty acids in soybeans from hydrogenation in the rumen but increased digestibilities of total C18 and total fatty acids. Nutrient digestibilities by steers fed diets containing soybeans roasted at 149 or 157°C were similar to digestibilities by steers fed diets containing soybeans roasted at 141°C.
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